Electroreflectrance (ER) spectra of GaAs and GaP, taken with the Schottky-barrier method, exhibit to 27 eV the strong structural enchancement and high resolution characteristic of similar measurements below 6 eV. Above 20 eV, a new set of critical points is observed between the flat valence bands derived from the Ga 3d core levels and the local extrema of the sp3 conduction bands. The attained resolution, of the order of 100 meV, enables us to resolve clearly the spin-orbit splitting of 0.45 eV of the 3d-derived valence bands. The following critical-point energies have been determined in GaAs and GaP, respectively. sp3 valence conduction: E1′, 6.63 ± 0.05 eV, and 6.80 ± 0.05 eV; E1′+Δ1′, 6.97 ± 0.05 eV (GaAs only); E0''(Γv15→Γc12), 10.53 eV, and 9.38 ± 0.1 eV; E0'''(Γv15→Γc1), 8.33 ± 0.1 eV, and 10.27 ± 0.1 eV, E1'', 9.5 ± 0.2 eV, and 10.7 ± 0.2 eV. E5, E6, and E7 structures are observed at 15.1, 16.7, and 17.9 eV in GaAs, and at 14.7, 16.1, and 18.6 eV in GaP. Relative values of 3d core to sp3 conduction-band matrix elements are estimated for several states and show that the lowest 3d core-level ER structures arise from transitions terminating at the Xc1conduction-band minimum. We calculate an exciton or core-hole interaction shift of 150 meV for GaP and 200 meV for GaAs, which indicates that core-hole effects are probably small for these materials. Spectral features with initial structure less than 100 meV in width are observed above 20 eV, showing that broadening effects are much smaller in this energy range than previously believed. indicates that core-hole effects are probably small for these materials. Spectral features with initial structure less than 100 meV in width are observed above 20 eV, showing that broadening effects are much smaller in this energy range than previously believed.
I. INTRODUCTION The effectiveness of modulation techniques in enhancing weak structure in the optical spectra of solids has been well documented in the quartzoptic energy range below 6 eV. ' By contrast, the energy region above 6 eV has been largely unexplored. Using the continuum provided by the hydrogen discharge lamp, Scouler' and others ' ' have measured thermoreflectance spectra of Au, ' and other materials, ' ' to 10 eV, while Menes' has recently reported the electroabsorption spectra of the alkali iodides NaI, Kt:, and RbI to 8.2 eV. Although the enhancement of structure typical of modulation measurements was observed to these energies, there has been little incentive to extend modulation measurements beyond 10 eV even though a number of transitions important in energy-band theory occurred above this limit. This was due partly to the difficulty of obtaining suitably intense continuum sources, and partly to the fact that the broadening energy above 10 eV, as estimated from ahsorptance/reflectance spectroscopy' " and x-ray, " " resonance lamp, " ' " and synchrotron" " photoemission measurements, was relatively large, of the order of 300 meV. Such large broadening effects would wash out fine structure in optical spectra, making modulation measur ements unproductive.
Th e r ecent measurements of the thermor eflectance (TH) spectrum of Au to 35 eV, " the electroreflectance (EH) spectrum of Gap to 27 eV, " and the high-resolution reflectance spectrum of GaSe, " using synchrotron radiation, " were therefore surprising and significant for a number of reasons.
First, first-derivative (TH), second-derivative (calculated numerically from reflectance), and third-derivative (low-field EH) techniques were shown to be effective to much higher energies than previously supposed. The spectra observed were large, with~~/R~of the order of 10 ' to the highest energies measured. Since the highest energies attained were a result of specific experimental conditions and not due to any intrinsic limitations of the techniques, these experiments demonstrated that it should be possible to measure spectra to even higher energies. Secondly, the spectra were not only highly structured but the structure observed was much sharper than expected. Certain transitions in these spectra showed widths of the order of 100 meV at energies as high as 25 
III. RESULTS AND DISCUSSION
A. ER spectra below 14 eV
The Schottky-barrier EB spectra of GaAs from 5 to 14 eV and GaP from 2.5 to 14 eV are shown in Figs. 1 and 2, respectively. Numerous structures can be seen which arise from critical points between the sP' valence and conduction bands. Structure below 6 eV is in agreement with that previously measured and discussed in ER spectra for both GaAs"" and GaP. " Critical-point energies determined from these spectra by the three-point method" are given for QaAs and GaP in Table I . Since the present ER spectra are not low-field spectra in this energy range, the values Table I the energies of selected critical points as determined by low-field ER, '" high-resolution energy derivative refiectance (EDH), " '' and thermoreflectance" measurements, and the results of recent nonlocal pseudopotential bandstructure calculations"' " based principally upon the low-field Schottky-barrier ER data. " We note that the E, critical-point energy determined from the present experiment is in very good agreement with that obtained from low-field ER measurements in the overlap region between 5 and 6 eV.
Experimental results for QaP listed in Table I include all major critical points for QaP, although high fields were used and consequently the spinorbit splittings were not resolved. The single exception occurs for the E, and F-, +6, transitions, where well-developed n =1 exciton lines were observed in both cases. The critical-point energies for these latter transitions were calculated by adding to the exciton line structures the known 11-meV binding energy of the n =1 E, exciton. "
The discrepancy between our measurements and those from high-resolution energy-derivativereflectance data" also shown in Table I may be due to the higher doping levels of our samples. This is certainly the case for the F-, transition. "
The corresponding difference for the average of Fig. 3 . The energy of the secondary critical point is obtained by assuming that its line shape is the same as that of the main structure, and that it is simply superimposed on the high-energy tail of the latter. This energy is also in good agreement with that obtained from thermoreflectance measurements. " '" A similar secondary structure may exist in GaP, but its presence is masked by the multiplicity of structures in the 7.3-9.0-eV region for this material. Spectra were obtained at several different modulation voltages for GaAs in order to verify that the secondary structure was an intrinsic property of the material, and not a subsidiary oscillation. Two such spectra are shown in Fig. 3 .
Except for small discrepancies, the two spectra are the same and are observed to scale approximately linearly with the modulating voltage. This verifies that these spectra were obtained under low-field conditions. "' " The separation energy of 0.34 +0.05 eV for these transitions is substantially greater than the value, 0.220+0.002 eV, observed" for the spin-orbit splitting of the E, and Since the X', absolute conduction-band minimum in GaP lies 2.333+0.001 eV above the top of the valence band at low temperature, " we can determine the apparent energy of the 3d core levels from the spectra in Fig. 6 . Applying the threepoint method" to the p = 60' spectra, we find that the j=~5 and j = -, ' singularities occur at 20.55 and 21.00 eV, respectively. Thus, the 3d core levelsneglecting exciton effects -are located at -18.22 and -18.6V eV relative to the top of the valence hand.
Taking into account the 6:4 occupation of these Fig. 6 , appear to have widths of the order of 100 meV. The inability of electron spectroscopies to achieve these widths appears to be due to an admixture of surface and bulk effects. The small broadening obtained here indicates also that the core hole has a longer lifetime than expected, which is probably due to the centrifugal barrier imposed by the 3d wave functions. ' Significantly, the best resolution exhibited by the electron spectroscopies have also involved transitions from the 3d core levels" in GaAs (to a sharp surface state) or from 2p core levels in light atoms (Si) . " This may show that measurements from core levels may prove to be particularly useful in semiconductor spectroscopy.
